Abstract

8
Background
9
In addition to the BAC-based reference sequence of the accession Columbia-0 from the year 3 0 2000, several short read assemblies of THE plant model organism Arabidopsis thaliana were 3 1 published during the last years. Also, a SMRT-based assembly of Landsberg erecta has 3 2 been generated that identified translocation and inversion polymorphisms between two 3 3 genotypes of the species. 3 4
Results
5
Here we provide a chromosome-arm level assembly of the A. thaliana accession 3 6
Niederzenz-1 (AthNd-1_v2c) based on SMRT sequencing data. The best assembly 3 7 comprises 69 nucleome sequences and displays a contig length of up to 16 Mbp. Compared 3 8
to an earlier Illumina short read-based NGS assembly (AthNd-1_v1), a 75 fold increase in 3 9 contiguity was observed for AthNd-1_v2c. To assign contig locations independent from the 4 0 Col-0 gold standard reference sequence, we used genetic anchoring to generate a de novo 4 1 assembly. In addition, we assembled the chondrome and plastome sequences.
2 3
Conclusions
4
Detailed analyses of AthNd-1_v2c allowed reliable identification of large genomic 4 5 rearrangements between A. thaliana accessions contributing to differences in the gene sets 4 6 that distinguish the genotypes. One of the differences detected identified a gene that is 4 7 lacking from the Col-0 gold standard sequence. This de novo assembly extends the known 4 8
proportion of the A. thaliana pan-genome. Sequencing data of 1,135 A. thaliana accessions [9] were retrieved from the Sequence Read 2 9 0
Archive, mapped to Ath-Nd1_v2c, and processed as described above. Accessions displaying 2 9 1 an average coverage below 10x were excluded from the following identification of 2 9 2 presence/absence variations. GeneSet_Nd-1_v2.0 genes were classified as dispensable if 2 9 3 their relative coverage was below 0.1 in more than 100 accessions. Remaining genes were 2 9 4 classified as core or TE genes depending on their overlap with TE features (see TE 2 9 5 annotation). 2 9 6 2 9 7
Validation of rearrangements and duplications 2 9 8 LongAmpTaq (NEB) was used for the generation of large genomic amplicons up to 18 kbp 2 9 9 based on the suppliers' protocol. Sanger sequencing was applied for additional confirmation 3 0 0 of generated amplicons. The amplification of small fragments and the following procedures 3 0 1 were carried out with standard polymerases as previously described [13] . The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint
Investigation of collapsed region 3 0 4
The region around At4g22214 was amplified in five overlapping parts using the Q5 High 3 0 5
Fidelity polymerase (NEB) with genomic DNA from Col-0. Amplicons were checked on 3 0 6 agarose gels and finally cloned into pCR2.1 (Invitrogen) or pMiniT 2.0 (NEB), respectively, 3 0 7 based on the suppliers' recommendations. Cloned amplicons were sequenced on an 3 0 8 ABI3730XL by primer walking. Sequencing reads were assembled using CLC 3 0 9
GenomicsWorkbench (v. 9.5 CLC bio). In addition, 2x250 nt paired-end Illumina reads of 3 1 0 -0 [30] were mapped to correct small variants in the assembled contigs and to close a 3 1 1 small gap between cloned amplicons. Flanking sequences of gaps in the Col-0 gold standard sequence were submitted to a 3 1 5
Col
BLASTn against the Ath-Nd-1_v2c genome sequence. Nd-1 sequences enclosed by hits of 3 1 6 pairs of 30 kbp long flanking sequences from Col-0 were extracted. Homotetramer 3 1 7 frequencies were calculated for all sequences and compared against the frequencies in 3 1 8 randomly picked sequences. A Mann-Whitney U test was applied to analyze the difference 3 1 9 between both groups. 3 2 0 3 2 1
Results
2 2
Nd-1 genome 3 2 3
Assemblies generated via Canu (Ath-Nd-1_v2c), FALCON (Ath-Nd-1_v2f), Flye (Ath-Nd-3 2 4 1_v2y) and miniasm (Ath-Nd-1_v2m) were compared based on numerous assembly 3 2 5 statistics (Table 1) . AthNd-1_v2f exceeds the previously reported assembly version AthNd-3 2 6 1_v1 by 2.5 Mbp, while reducing the number of contigs by a factor of about 200 to 26. AthNd-3 2 7 1_v2c is adding 6.9 Mbp to the previous assembly version (AthNd-1_v1), but at the expense 3 2 8 of a higher number of contigs than AthNd-1_v2f. We selected AthNd-1_v2c that contains 69 3 2 9 contigs as the representative assembly which should be used for further comparison. The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint Pseudochromosomes of AthNd-1_v2f were constructed truly de novo from 3-7 contigs based 3 3 1 on genetic linkage information. All 26 contigs were anchored based on 63 genetic markers, 3 3 2 but precise positioning around the centromeres of chromosome 4 and 5 was ambigious. 3 3 3
Pseudochromosomes reach similar lengths as the corresponding chromosome sequences in 3 3 4 the Col-0 gold standard sequence. Pseudochromosomes for AthNd-1_v2c were generated 3 3 5
by transferring orientation and position of large contigs from AthNd-1_v2f. The Nd-1 genome 3 3 6 sequence AthNd-1_v2c contains complete 45S rDNA units on pseudochromosome 3 as well 3 3 7 as several fragments of additional 45S rDNA units on all other pseudochromosomes (Fig. 1) . 3 3 8
Centromeric and telomeric repeat sequences as well as 5S rDNA sequences were detected 3 3 9 at centromere positions. Completeness of most assembled sequences was confirmed by the 3 4 0 occurrence of telomeric repeat sequences (Fig. 1) . The high assembly quality and 3 4 1 completeness of AthNd-1_v2c is supported by the detection of 98.2% of all embryophyta 3 4 2 BUSCO genes -even one more than detected in the Col-0 gold standard sequence 3 4 3 (AdditionalFile9). revealed a large inversion on chromosome 4 involving about 1 Mbp (Fig. 2) . The left break 3 5 4 point is at 1,637,889 bp and the right break point at 2,708,850 bp on chromosome 4 3 5 5 (NdChr4). The inverted sequence is 120 kbp shorter than the corresponding Col-0 sequence. 3 5 6 PCR amplification of both inversion borders (AdditionalFile12) and Sanger sequencing of the 3 5 7 generated amplicons was used to validate this rearrangement. The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint
The recombination frequency in this region was analyzed using the marker pair M84/M74. 3 5 9
Only a single recombination was observed between these markers while investigating 60 3 6 0 plants. Moreover, only 8 recombination events in 108 plants were observed between another 3 6 1 pair of markers, spanning a larger region across the inversion (AdditonalFile5). In contrast, 3 6 2 the average recombination frequency per Mbp at the corresponding position on other 3 6 3 chromosomes was between 12%, observed for M31/M32, and 18%, observed for M13/M14. 3 6 4
Statistical analysis revealed a significant difference in the recombination frequencies 3 6 5 between the corresponding positions on different chromosomes (p<0.001, prop.test() in R) 3 6 6 supporting a reduced recombination rate across the inversion on chromosome 4. 3 6 7
Comparison of a region on Chr2, which is probably of mitochondrial origin (mtDNA), in the 3 6 8
Col-0 gold standard sequence with the Nd-1 genome sequence revealed a 300 kbp highly 3 6 9 divergent region (Fig. 3) . Sequences between position 3.20 Mbp and 3.29 Mbp on NdChr2 of 3 7 0
AthNd-1_v2c display low similarity to the Col-0 gold standard sequence, while there is almost 3 7 1 no similarity between 3.29 Mbp and 3.48 Mbp. However, the length of both regions is roughly 3 7 2 the same. Comparison against the Ler genome sequence assembly revealed the absence of 3 7 3 the entire region between 3.29 Mbp and 3.48 Mbp on chromosome 2. The Nd-1 sequence 3 7 4 from this region lacks continuous similarity to any other region in the Col-0 or Nd-1 genome 3 7 5 sequence. However, the 28 genes encoded in this region in Nd-1 show weak similarity to 3 7 6 other Arabidopsis genes. Comparison of gene space sequences from this region against the 3 7 7
entire Nd-1 assembly revealed some similarity on chromosome 3, 4, and 5 3 7 8 (AdditionalFile13).
7 9
An inversion on chromosome 3 of 170 kbp which was described between Col-0 and Ler [14] 3 8 0 is not present in Nd-1. The sequence similarity between Col-0 and Nd-1 is high in this region. 3 8 1
In total, 2206 structural variants larger than 1 kbp were identified between Col-0 and Nd-1. 3 8 2
The genome-wide distribution of these variants indicated a clustering around the results with outwards facing primers (Fig. 4) . Cloning of the At4g22214 region of Col-0 in five 4 6 5 overlapping fragments was done to enable Sanger sequencing. The combination of Sanger 4 6 6 and paired-end Illumina sequencing reads revealed a tandem duplication with modification of 4 6 7 the original gene (Fig. 4) . The copies were designated At4g22214a and At4g22214b based 4 6 8 between A. thaliana accessions, we performed a de novo genome assembly for the Nd-1 4 9 0 accession using long sequencing reads and cutting-edge assembly software. Based on 4 9 1 SMRT sequencing reads the assembly contiguity was improved by over 75 fold considering 4 9 2 the number of contigs in the previously released NGS-based assembly [13] . Assembly 4 9 3 statistics were comparable to other projects using similar data [11, 14, 15, 56, 57] . Despite 4 9 4 the very high contiguity, regions like NORs still pose a major challenge. These regions are 4 9 5 not just randomly clustered repeats, but highly controlled and ordered repetitions of 4 9 6 . CC-BY 4.0 International license is made available under a The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint sequences [58] . Therefore, the identification of accession-specific sequence differences 4 9 7 could explain phenotypic differences. NOR repeat unit sequences in Ath-Nd-1_v2c are 4 9 8 located on the distal short arm of NdChr2 and NdChr4. This NOR position matches the 4 9 9 situation in Col-0 where the NOR2 is located distal on the short arm of Chr2 [59] and NOR4 5 0 0 on Chr4, respectively. In addition to NORs, the assembly of chromosome ends remains still 5 0 1 challenging, since the absence of some telomeric sequences in a high quality assembly was 5 0 2 observed before [14] . Despite the absence of challenging repeats, regions close to the 5 0 3 telomeres including the genes At3g01060 (BUSCO ID: EOG09360D4T) and At5g01010 5 0 4 (BUSCO ID: EOG09360DFK) were not assembled by FALCON (Ath-Nd1_v2f) although 5 0 5 sequence reads covering these regions were present in the input data. Also, this region is 5 0 6
represented in the Canu assembly (Ath-Nd1_v2c). In our hands, Canu performed best for the 5 0 7
assembly of the Nd-1 genome sequence based on SMRT sequencing reads. The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint 0 NORs and centromeres [15] . The pericentromeric and to a very limited extent also 5 2 5 centromeric regions are represented in the assemblies by small contigs of 50-100 kbp. 5 2 6
However, absence of telomeric sequences from some pseudochromsome ends was 5 2 7 observed before even for a very high quality assembly [14, 15] . The detected telomeric 5 2 8 repeats at the centromere positions support previously reported hypothesis about the 5 2 9 evolution of centromers out of telomere sequences [61] , and telomeric or centromeric 5 3 0 sequences, respectively, at the end of at least some pseudochromosomes indicated the 5 3 1 completeness of the Ath-Nd1_v2c assembly at these points. However, almost 20 years after 5 3 2 the release of the first chromosome sequences of A. thaliana, we are still not able to 5 3 3 assemble complete centromere sequences continuously. 5 3 4
Sequence differences observed on the short arm of chromosome 2 between Col-0 and Nd-1 5 3 5 could be due to the integration of mtDNA into the Chr2 of Col-0 [2]. This region was reported 5 3 6 to be collapsed in the Col-0 reference genome sequence, harboring in real Col-0 DNA about 5 3 7 600 kbp of mtDNA instead of the 270 kbp represented in the reference genome sequence 5 3 8
[62]. However, Ath-Nd1_v2c did not reveal such a duplication of the mtDNA located in 5 3 9
NdChr2. Filtering of plastome and chondrome sequences during the polishing process could 5 4 0 be responsible for this if copies would have been fragmented into multiple contigs. In this 5 4 1 region, we detected in the Nd-1 assembly sequences unrelated to the corresponding Col-0 5 4 2 reference sequence. Since Nd-1 genes of this region show similarity to gene clusters on 5 4 3 other chromosomes, they could be relics of a whole genome duplication as reported before 5 4 4 for several regions of the Col-0 gold standard sequence [63] . This difference on Chr2 at 5 4 5 about 3.2 to 3.5 Mbp is only one example for a large variant region between Col-0 and Nd-1.
4 6
Similar though shorter such differences detected around centromeres could be explained by 5 4 7
TEs and pseudogenes which were previously reported as causes for intra-species variants in 5 4 8 these regions [62, 64] . 
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All markers require the amplification of a genomic region using the listed oligonucleotides 6 8 3 under the specified conditions (annealing temperature, elongation time). Depending on the 6 8 4 fragment size differences, the resulting PCR products can allow the separation of both alleles 6 8 5 by agarose gel electrophoresis (length polymorphism) or might require Sanger sequencing to 6 8 6 investigate single SNPs. The copyright holder for this preprint (which was not peer-reviewed) is the author/funder. It . https://doi.org/10.1101/407627 doi: bioRxiv preprint 3 0
The listed 394 Nd-1 genes have at least two copies in Col-0. Exons of these genes showed 8 0 2
an increased copy number in the Col-0 gold standard sequence compared to Ath-Nd-1_v2c. 8 0 3 8 0 4
AdditionalFile26. Classification of genes as core, dispensable, or TE. 8 0 5
GeneSet_Nd-1_v2.0 genes were classified as core, dispensable, or TE genes based on 8 0 6 coverage in a read mapping involving 1,137 Illumina read data sets. 8 0 7 8 0 8
AdditionalFile27. Genome-wide distribution of core, dispensable, and TE genes. 8 0 9
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